The motor function of vertebrate myosin-5a is inhibited by its tail in a Ca 2+ -dependent manner. We previously demonstrated that the calmodulin (CaM) bound to the first isoleucine-glutamine (IQ) motif (IQ1) of myosin-5a is responsible for the Ca 2+ -dependent regulation of myosin-5a. We have solved the crystal structure of a truncated myosin-5a containing the motor domain and IQ1 (MD-IQ1) complexed with Ca 
The motor function of vertebrate myosin-5a is inhibited by its tail in a Ca 2+ -dependent manner. We previously demonstrated that the calmodulin (CaM) bound to the first isoleucine-glutamine (IQ) motif (IQ1) of myosin-5a is responsible for the Ca 2+ -dependent regulation of myosin-5a. We have solved the crystal structure of a truncated myosin-5a containing the motor domain and IQ1 (MD-IQ1) complexed with Ca -CaM is in a position opposite that in IQ1/apo-CaM, suggesting that CaM flip-flops relative to the IQ1 during the Ca 2+ transition. We demonstrated that CaM continuously associates with the IQ1 during the Ca 2+ transition and that the binding of CaM to IQ1 increases Ca 2+ affinity and substantially changes the kinetics of the Ca 2+ transition, suggesting that the IQ1/CaM complex functions as an intact Ca 2+ sensor responding to distinct calcium signals.
calcium | calmodulin | molecular motor | myosin-5a | regulation C alcium (Ca 2+ ) is a ubiquitous intracellular signal regulating numerous cellular processes. This versatility is achieved by varying the speed, amplitude, and spatiotemporal aspects of the Ca 2+ signal (1) . Ca 2+ signals are mediated by a number of dedicated Ca 2+ sensor proteins, such as troponin C in skeletal muscle, and the generic Ca 2+ sensor protein calmodulin (CaM), which regulates an array of cellular processes (1) . A prominent question is how CaM decodes different Ca 2+ signals to regulate different cellular processes.
CaM contains two approximately symmetrical lobes, the N-lobe and the C-lobe, connected by a flexible linker (2, 3) . Each lobe has two EF-hand motifs, each of which is able to bind a Ca -free CaM (apo-CaM) (4, 5) . The latter group includes unconventional myosins and some ion channels, which bind to CaM via isoleucine-glutamine (IQ) motifs. Although at least 80 unique high-resolution structures of target proteins in complex with CaM have been resolved (5) , Ca 2+ -free and Ca 2+ -bound structures have not been determined for a single target protein/CaM complex. Thus, it is difficult to envisage the Ca 2+ -dependent conformational transition of the CaM bound to the target protein.
Vertebrate myosin-5a (Myo5a) is a processive molecular motor responsible for organelle transport along actin filaments (6) . The heavy chain of Myo5a contains an N-terminal motor domain that possesses actin binding and ATPase activities, a lever arm containing six tandem IQ motifs, a series of coiled-coil segments, and the C-terminal globular tail domain (GTD). The six IQ motifs of Myo5a serve as the binding sites for CaM or the CaM-like light chain.
The motor function of Myo5a is activated by Ca 2+ and cargo binding (7) (8) (9) (10) (11) (12) . The inhibited Myo5a is in a folded conformation such that the GTD interacts with the motor domain and inhibits its motor activity; high Ca 2+ or cargo binding may reduce the head-GTD interactions, thus activating the motor activity. Because the actin-activated ATPase activity of Myo5a is stimulated by micromolar concentrations of Ca 2+ , and the light chain bound to Myo5a IQ motifs is CaM, it is believed that Ca 2+ regulates Myo5a function via the bound CaM. We recently demonstrated that the CaM bound at the first IQ motif (IQ1) is responsible for Ca 2+ regulation of Myo5a, because the ATPase of the truncated Myo5a containing the motor domain and the IQ1 in complex with CaM (MD-IQ1/ CaM) is inhibited by the GTD in a Ca 2+ -dependent manner (13) . We proposed that CaM in the IQ1 is part of the GTD-binding site and that Ca 2+ induces a conformational change of CaM in the IQ1, thus preventing the GTD interaction with the motor domain (13, 14) . Therefore, it is important to know the structure of apoCaM and Ca
2+
-CaM bound to Myo5a to understand fully Ca 2+ regulation of Myo5a.
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Both apo-CaM and Ca 2+ -CaM are able to bind to the IQ1 of Myo5a (15, 16) . To date, only the crystal structure of the Myo5a IQ1 and IQ2 motifs in complex with apo-CaM (IQ1-2/apo-CaM) has been solved (17) . In IQ1-2/apo-CaM, the C-lobe of apo-CaM adopts a semiopen conformation to contact the N-terminal part of the IQ motif extensively, whereas the closed N-lobe of apoCaM interacts more weakly with the C-terminal part (17) . It was proposed that a large structural rearrangement of apo-CaM in IQ1-2 is needed to accommodate Ca 2+ (17) . In addition to the crystal structure of Myo5a IQ1-2/apo-CaM, several crystal structures of MD-IQ1/ELC [the chicken Myo5a motor domain with the IQ1 (MD-IQ1) in complex with essential light chain LC1-sa (ELC)] have been solved (18, 19) . However, biochemical studies have shown that the light chain bound to the IQ1 of chicken Myo5a is actually CaM, not ELC (20) . Nevertheless, MD-IQ1/ELC can be considered the equivalent of MD-IQ1/apoCaM, because ELC shares a high sequence similarity with CaM and has a structure similar to that of the apo-CaM bound to the IQ1.
Here, we determined at 2. 
Results
Overall Structure of Myo5a MD-IQ1/Ca 2+ -CaM. We coexpressed a FLAG-tagged fragment of mouse Myo5a that contains the motor domain and the first IQ motif (residues 1-791, hereafter called the "MD-IQ1") and CaM in insect cells and copurified the complex using affinity and size-exclusion chromatography. MD-IQ1/ CaM contains all essential components for Ca 2+ regulation of Myo5a, because the actin-activated ATPase activity of MD-IQ1/ CaM is inhibited by the GTD in a Ca 2+ -dependent manner (13) , and the interaction between MD-IQ1/CaM and the GTD is regulated by Ca 2+ (Fig. S1 ). The crystal structure of the nucleotidefree MD-IQ1 in complex with Ca 2+ -CaM was determined at 2.5-Å resolution and with an R work /R free ratio of 0.194/0.241 ( Fig. 1A and Table S1 ). A number of loop regions are invisible in the complex structure, likely because of flexibility (see the legend of Fig. 1) .
The overall conformation of MD-IQ1/Ca 2+ -CaM is similar to that of a nucleotide-free chicken MD-IQ1/ELC (PDB ID code: 1OE9) ( Fig. 1 A and C) . , form a salt bridge, stabilizing the straight α-helix structure (Fig. 1B) (Fig. 1D) . Moreover, the interactions between the light chain and the converter in MD-IQ1/Ca 2+ -CaM and MD-IQ1/ELC are different. The helix G and the loop between helices F and G of Ca 2+ -CaM mainly contact the converter, whereas in ELC the helix E is involved in the interaction with the converter (Fig. 1 B and D) . Noticeably, Glu 119 of helix G forms a salt bridge with Arg 711 of the converter in MD-IQ1/Ca 2+ -CaM (Fig. 1B) . The overall structure of ELC in MD-IQ1/ELC is similar to that of apo-CaM in IQ1/apo-CaM (PDB ID code: 2IX7) ( particularly the anchor residues. The anchor residues Ile 777 and Trp 780 in position 5 and 8 of the IQ1 are bulkier than the counterpart residues Gly 804 and Val 807 in smMLCK. To accommodate those bulky side residues in the IQ1, the C-lobe moves slightly outward from its position in the structure of the complex with smMLCK ( Fig. S3A , Left). The differences are more apparent in the interaction involving the N-lobe. Although both target peptides use the anchor residue at position 14 to dock into the N-lobe, the binding sites in the N-lobe are different. The hydrophobic patch formed by helices A and D interacts with Tyr 786 of the IQ1, whereas that formed by helices C and D interacts with Leu 813 of the smMLCK peptide (Fig. S3A, Right) .
Among the six IQ motifs in Myo5a, the second IQ motif (IQ2) has the weakest affinity to Ca 2+ -CaM (21) . IQ2 has a polar residue (Gln 804 ) at position 9 and a small hydrophobic residue (Ala 809 ) at position 14, whereas other IQ motifs have bulky hydrophobic residues at both positions (Fig. 2B) . In IQ1/Ca 2+ -CaM, Leu 781 at position 9 and Tyr 786 at position 14 form hydrophobic interactions with the C-lobe and the N-lobe, respectively ( Fig. 2 C and D) . It is possible that the corresponding residues in IQ2 interact weakly with Ca -CaM (Fig. 3) . Superposition of the IQ motifs of IQ1/apo-CaM and IQ1/ Ca 2+ -CaM shows that the C-lobe stays in the same position in Ca 2+ -CaM and apo-CaM, but the N-lobe rotates anticlockwise around the straight helix of the IQ1 and shifts ∼10 Å toward the C terminus of the IQ1 upon Ca 2+ binding (Fig. 3A) . Compared with the C-lobe in IQ1/apo-CaM, the C-lobe in the Ca 2+ -bound form rotates ∼180°around the axis perpendicular to the IQ1; thus, the interlobe linker is positioned on the opposite side of the IQ1. The N-lobe in the Ca 2+ -free form adopts a closed conformation and weakly contacts the C-terminal part of the IQ1. In contrast, the N-lobe in the Ca 2+ -bound form adopts an open conformation, thus exposing the hydrophobic cleft to fit the IQ1 (Fig. 3A) . The most striking difference between these two complexes is that the interlobe linker of CaM is in opposite positions in IQ1/Ca 2+ -CaM and IQ1/apo-CaM (Fig. 3B) . Thus, the Ca 2+ transition induces CaM to flip-flop around the IQ1 helix.
The IQ1 adopts different conformations to accommodate apoCaM and Ca 2+ -CaM (Fig. S4) -CaM in the IQ1 first induces the dissociation of CaM from the IQ1, and then apo-CaM rebinds to the IQ1. If indeed this mechanism is true, we expect that the Ca 2+ transition will induce CaM to dissociate from the IQ1.
To test this possibility, we first examined the association of CaM with the MD-IQ1 upon Ca 2+ transition using a pull-down assay. MD-IQ1/CaM was first bound to anti-Flag beads and then was washed twice with Ca (Fig. 4 A and B) , indicating that no significant amount of CaM dissociates from the MD-IQ1 during the Ca 2+ transition.
We further investigated the association of CaM with the MD-IQ1 during the Ca 2+ transition at the single-molecule level. The MD-IQ1 in complex with Alexa-555-labeled CaM was introduced into an F-actin-coated glass chamber, and the unbound molecules were removed by repeated washing with EGTA solution. The chamber then was washed with four chamber-volumes of pCa4 solution, followed immediately (within ∼25 s) by EGTA solution. Thus, MD-IQ1/Alexa-555-CaM had been exposed to a Ca 2+ transition cycle, i.e., an increase and a decrease in Ca 2+ concentration. The images before and after treatment with a Ca 2+ transition cycle were recorded under a total internal reflection fluorescence (TIRF) microscope, and the fluorescent spots that colocalized with actin filaments in the images were quantified (Fig.  4C) . The number of the actin-colocalized fluorescent spots was only slightly lower after one Ca 2+ transition cycle (Fig. 4D) , indicating that CaM does not dissociate from the MD-IQ1 during the Ca 2+ transition. In contrast, the actin-colocalized fluorescent spots were completely removed by pCa4 solution containing 100 μM trifluoperazine (TFP) (Fig. 4 C and D) , a reagent that efficiently strips CaM from the IQ motifs (22) .
The above results indicate that neither the binding of Ca 2+ to IQ1/apo-CaM nor the dissociation of Ca 2+ from IQ1/Ca 2+ -CaM is accompanied by the dissociation of CaM from the IQ motif.
Instead -CaM and apo-CaM (Fig. 3A) . The tryptophan fluorescence of IQ1/CaM is enhanced by Ca 2+ binding (Fig. S5) . Titration of the tryptophan fluorescence of IQ1/CaM with Ca 2+ yielded the Ca 2+ affinity of IQ1/CaM (K d = 0.44 ± 0.10 μM), which is slightly stronger than that of unbound CaM (K d = 1.43 ± 0.05 μM) (Fig. S6) .
To measure the rate of Ca 2+ dissociation from the IQ1/CaM, we used stopped-flow measurements of changes in the Quin-2 fluorescence upon binding Ca 2+ released from IQ1/Ca 2+ -CaM. The Quin-2 fluorescence change in IQ1/CaM is biphasic with rates of 8.30 ± 0.33/s and 0.58 ± 0.02/s (Fig. 5A) . To identify the Ca 2+ -binding sites responsible for those two phases, we measured the change in Quin-2 fluorescence using the IQ1/CaM-B12Q mutant, which contains E31Q and E67Q mutations that abolish the Ca 2+ -binding ability in the N-lobe (23). B12Q mutations weaken the interaction between the IQ1 and CaM only slightly (Fig. S7) . IQ1/CaM-B12Q contains a single kinetic component with a rate of 0.45 ± 0.03/s, a value equivalent to the slower rate in wild-type IQ1/CaM (Fig. 5B) . These results indicate that the faster phase and the slower phase of fluorescence dissociations from the N-lobe and the C-lobe, respectively. We further analyzed the dissociation rate of Ca 2+ from IQ1/ CaM using stopped-flow measurements of the change in tryptophan fluorescence as a function of time after the addition of EGTA to chelate-free Ca 2+ . The tryptophan fluorescence first increases and then decreases (Fig. 5C ), indicating that the fluorescence reflects two events. The rates of tryptophan fluorescence increase and decrease were 6.94 ± 0.76/s and 0.58 ± 0.03/s, respectively. These values are similar to the values for the faster and slower components detected in the Quin-2 experiments, indicating that the faster increase and the slower decrease of tryptophan fluorescence are caused by Ca 2+ dissociation from the N-lobe and the C-lobe, respectively. Consistent with this notion, the dissociation of Ca 2+ from IQ1/CaM-B12Q, which contains a single kinetic component with a rate of 0.57 ± 0.01/s, produces a decrease in tryptophan fluorescence (Fig. 5D) dissociates from the N-lobe before it dissociates from the C-lobe. Our pull-down assay and single-molecule assay show that the Ca 2+ transition in IQ1/CaM does not induce the dissociation of CaM from the IQ1. We thus expected that the rates of Ca 2+ dissociation from IQ1/CaM are independent of exogenous CaM. To test this possibility, we measured the rates of change in tryptophan fluorescence in IQ1/CaM upon Ca 2+ dissociation in the presence of different concentrations of CaM. As expected, the rates of both the faster and the slower components are marginally changed when the total concentration of CaM increases from 5 μM to 20 μM (Table S2) . Based on the affinity of Ca 2+ -CaM to the IQ1 (K d = 60.6 nM) (Fig. S7B) , we calculated that when the total CaM concentration increases from 5 to 20 μM, the free CaM concentration increases from 0.059 to 10.06 μM (Table S2) . Thus, an approximately 200-fold change in the free CaM concentration has little effect on the Ca 2+ dissociation rates from IQ1/Ca 2+ -CaM. Table 1 summarizes the effects of IQ1 binding on the interaction of Ca 2+ with CaM. The binding of CaM to the IQ1 slightly enhances the Ca 2+ affinity and substantially decreases the rates of Ca 2+ association and dissociation.
Discussion
CaM is a ubiquitous and multifunctional protein that binds to many target proteins in a Ca 2+ -dependent or -independent manner. Many target proteins can bind only to Ca 2+ -CaM, but a few target proteins, including myosin-5 and a number of ion channels, can bind to Ca (Fig. S6 ). † The Ca 2+ dissociation rates from the N-lobe of CaM (k −1 ) and from the C-lobe of CaM (k -2 ) are cited from ref. 24 .
‡ The Ca 2+ association rates with the N-lobe (k +1 ) and with the C-lobe (k +2 ) are calculated based on the equations k +1 = k −1 /K d and k +2 = k -2 /K d . § The Ca 2+ dissociation rates from the N-lobe (k −1 ) and from the C-lobe (k -2 ) for IQ1/CaM are obtained from measurement of changes in tryptophan fluorescence (Fig. 5C ). The interlobe linker of apo-CaM in complex with the Myo5a IQ1 is located on the opposite side of the IQ1 in IQ1/Ca 2+ -CaM (Fig. 3) . However, neither the binding of Ca 2+ to apo-CaM nor the dissociation of Ca 2+ from Ca 2+ -CaM is accompanied by the dissociation of CaM from the IQ1, raising questions about how the interlobe linker traverses across the long IQ1 α-helix during the Ca 2+ transition. We propose that during the Ca 2+ transition the C-lobe continuously associates with the IQ1, and the N-lobe rotates around the IQ1 to bind to the new position in the IQ1, thus placing the interlobe linker on the opposite side of the IQ1 (Fig. 6) .
Our model is consistent with following observations. First, structural and kinetic analyses indicate that the Ca 2+ transition occurs in the N-lobe before it occurs in the C-lobe. In IQ1/apo-CaM, the C-lobe is in a semi-open conformation and cannot bind tightly to Ca 2+ without a conformational change (17) . The strong interaction between the C-lobe and the IQ1 likely inhibits this conformational change, thus greatly decreasing the Ca 2+ association rate in the C-lobe. In contrast, the N-lobe is in the closed conformation and interacts weakly with the IQ1, making the N-lobe more accessible to Ca 2+ than the C-lobe. In IQ1/Ca 2+ dissociates approximately 10-fold faster from the N-lobe than from the C-lobe (Fig. 5 and Table 1 ). Second, regardless of the Ca 2+ -binding state, the affinity of CaM to the IQ1 is similar to that of the C-lobe but is substantially stronger than that of the N-lobe (21) . In other words, the C-lobe plays a major role in the interaction between the IQ1 and CaM, and the N-lobe makes little contribution to the overall affinity between the IQ1 and CaM. Thus, it is possible that during the Ca 2+ transition, the C-lobe constitutively associates with the IQ1, and the N-lobe dissociates from the IQ1. Third, the tryptophan fluorescence of IQ/CaM rises rapidly and decreases slowly during Ca 2+ dissociation (Fig. 5C ), indicating the presence of an intermediate state.
The transient high tryptophan fluorescence during Ca 2+ dissociation probably represents the intermediate state II (Fig. 6) , in which the apo-N-lobe dissociates from its original binding site in the IQ1 and the Ca 2+ -C-lobe still binds to the IQ1.
Mechanism of Ca
2+ Activation of Myo5a. In the absence of Ca 2+ , Myo5a is in a folded, inhibited state such that the GTD interacts with the head and inhibits its motor activity. High levels of Ca 2+ abolish the interaction between the head and the GTD, thus activating motor activity. Because the C-lobe of CaM in the IQ1 is necessary for mediating Ca 2+ regulation of Myo5a, we previously proposed that the C-lobe of CaM in the IQ1 interacts with the GTD in the absence of Ca 2+ (13) . It is plausible that the C-lobe of apoCaM in the IQ1 forms specific interactions with the GTD and that the Ca 2+ -induced conformational change of the C-lobe disrupts these interactions, thus abolishing the inhibition of Myo5a motor function by the GTD.
In vivo experiments show that the motor function of Myo5 might be directly activated by Ca 2+ influx. In hippocampal neurons, the Myo5b-dependent movement of the AMPA receptor-bearing recycling endosomes in dendritic spines is reported to be triggered by elevated Ca 2+ levels following presynaptic simulation (26) . In the fly compound eye, light-induced Ca 2+ influx is thought to activate the Myo5-dependent movement of pigment granules (27) . The kinetic study described here showed that the rate of Ca 2+ dissociation from the C-lobe of CaM in a complex with the Myo5a IQ1 was ∼0.58/s, suggesting that Myo5a might remain in the activated state for a few seconds after being activated by Ca 2+ influx. Considering the velocity of Myo5a movement along the actin filament (∼0.5 μm/s), the Ca 2+ -activated Myo5a would be able to travel a substantial distance before being turned off.
Micromolar levels of Ca 2+ also induce a dissociation of CaM from Myo5a IQ motifs (most likely from the IQ2) (15, 16, 28) , thus compromising the rigid structure of the lever arm and inhibiting the in vitro actin-gliding activity. Therefore, the overall effect of Ca 2+ on Myo5a motor function probably depends on both the rate of Ca 2+ transition in the CaM bound to the IQ1 and the rate of Ca 2+ -induced CaM dissociation from the IQ2. Although Nguyen and Higuchi reported that Ca 2+ induces a rapid dissociation of CaM from Myo5a (29), the precise rates of CaM dissociation from each IQ motif of Myo5a remain to be determined.
In addition to Ca 2+ , the cargo-binding protein melanophilin can activate the motor function of Myo5a (10) (11) (12) 30) . However, this activation was observed only in conditions of relatively high ionic strength, suggesting that other factors might be involved. One possibility is that transient rises in Ca 2+ induce Myo5a to form an extended conformation, which then is stabilized by the binding of 
Materials and Methods
Expression and Purification of Myo5a MD-IQ1/CaM. The cDNA of the Myo5a MD-IQ1 (residues 1-791) was amplified from mouse Myo5a (7) by PCR and subcloned into pFastFTc, a modified pFastBacHTc transfer vector (Invitrogen) containing a FLAG-tag instead of a His-tag. The expressed MD-IQ1 contains an N-terminal sequence of MHHDYKDDDDKVD (the FLAG-tag is underlined). Recombinant baculovirus was prepared as previously described (31) . To express MD-IQ1/CaM, sf9 cells were coinfected with two recombinant baculoviruses expressing the MD-IQ1 and CaM (7) . The expressed MD-IQ1 was purified with anti-FLAG M2 affinity chromatography (Sigma-Aldrich) (31), followed by Superdex S200 chromatograph (GE Healthcare) preequilibrated with 10 mM Tris·HCl (pH 7.5), 0.2 M NaCl, 1 mM DTT, 1 mM EGTA, and 10% glycerol. The purified MD-IQ1/CaM protein was concentrated to ∼15 mg/mL using an Amicon Ultra-4 Centrifugal Filter (Millipore) and was stored at −80°C before crystallization.
For function assays, we used the MD-IQ1 and Myo5a heavy meromyosin (Myo5a-HMM) constructs containing an N-terminal tag (MSYYHHHHHH DYKDD DDKNI PTTEN LYFQG AMGIR NSKAY VDELT SPA; the His 6 -tag and FLAG-tag are underlined) (13) . The expression and purification were as previously described (13) .
Crystallization, Data Collection, and Processing. Crystals were grown at 20°C by the hanging-drop vapor-diffusion method using equal amounts of MD-IQ1/CaM (∼15 mg/mL) and reservoir solution [containing 100 mM Tris·HCl (pH 7.5), 2 mM CaCl 2 , 2 mM DTT, 2 mM NaN 3 , 10% glycerol, and 6% PEG8000]. The crystals were cryoprotected in the mother liquor supplemented with 30% glycerol and flash cooled in liquid nitrogen. The diffraction data were collected at 100 K at the Shanghai Synchrotron Radiation Facility beamline BL17U and processed using the HKL-2000 suite (32) . The crystal belongs to the P2 1 2 1 2 1 space group and contains one MD-IQ1/CaM heterodimer per asymmetric unit. The structure was solved by molecular replacement (MR) in Phaser using the motor domain structure of chicken Myo5a MD-1IQ/ELC (PDB ID code: 1OE9) as search model, yielding a good electron density map for CaM (33) . The model was built in Coot and refined using Phenix suite (34, 35) . RAMPAGE analysis of the final model reveals that 96.48% of residues are in favorable regions, and 3.52% are in the allowed region (36) . Structural figures were generated with PyMOL.
Pull-Down Assay of GTD with the MD-IQ1 and Myo5a-HMM. To examine the effects of Ca 2+ on the binding of the GTD with the MD-IQ1 and Myo5a-HMM, we performed GST pull-down assays under EGTA conditions and pCa4 conditions. For the pull-down assay under EGTA conditions, 100 μL of 0.5 μM GST-GTD or GST and 1 μM FLAG-tagged MD-IQ1 or Myo5a-HMM in washing buffer [20 mM 3- Titration consisted of 27 injections, 0.5 μL for the first injection and 1.5 μL for all following injections. To achieve complete equilibration, the time between each injection was 120 s. The first injection of 0.5 μL was ignored in the final data analysis. The blank injections of the IQ1 into the corresponding buffer were used to account for the heat of mixing and dilutions. The values were analyzed using standard ITC software with an equation as described previously (37, 38) .
Pull-Down Assay of the MD-IQ1 with CaM. To examine the effects of Ca 2+ on the association of CaM with the MD-IQ1, we performed a pull- Single-Molecule Microscopy. The coverslips were cleaned by sonication and stored in double-distilled H 2 O to keep the surface hydrophilic (39) . The flow chambers (25 × 0.2 × 2-3 mm, volume of 10-15 μL) used for the in vitro single-molecule assays were assembled as previously described (40) . We used an inverted Nikon Ti-E TIRF microscope with a Nikon ×100, 1.49 NA objective to excite the surface and an electron-multiplying CCD to image the emission.
The flow chamber was first incubated with 0.2 mg/mL N-ethylmaleimide (NEM)-myosin in high-salt buffer [10 mM Hepes-KOH (pH 7.5), 500 mM KCl, and 5 mM MgCl 2 ] for 5 min and blocked with casein (1 mg/mL). Then 40 nM Alexa-488-labeled F-actin was added and incubated for 4 min. All buffers added thereafter contained a deoxidation system (2 U/μL catalase, 0.04 U/μL glucose oxidase, and 6 mg/mL glucose). After rinsing with EGTA buffer [20 mM Hepes-KOH (pH 7.6), 25 mM KCl, and 1 mM EGTA] to remove the unbound F-actin, the chamber was perfused with 15 μL Alexa-555-labeled MD-IQ1 (∼100 pM) in the EGTA buffer and incubated for 3 min. After rinsing with EGTA buffer to remove the unbound MD-IQ1 molecules, the chamber was subjected to the following three treatments sequentially: (i) rinsing with 50 μL EGTA buffer; (ii) rinsing with 50 μL pCa4 buffer [20 mM Hepes-KOH (pH 7.6), 25 mM KCl, 1 mM EGTA, and 1.1 mM CaCl 2 ] followed immediately by 50 μL EGTA buffer; and (iii) rinsing with pCa4 buffer containing 100 μM TFP. The images (512 × 512 pixels) were recorded after each treatment and merged using the ImageJ program. The Alexa-555 fluorescent spots that colocalized with Alexa-488 NEM-labeled F-actin were quantified and normalized to the total length of F-actin.
Skeletal myosin was purified from rabbit skeletal muscle as described (41) . NEM-myosin was prepared by incubating 70 μM rabbit skeletal myosin with 5 mM NEM at 23°C for 75 min. The reaction was stopped by the addition of 10 mM DTT and was subjected to exhaustive dialysis against 25 mM KPO 4 (pH 6.5), 0.6 M KCl, 1 mM EDTA, and 1 mM DTT to remove excess NEM. NEMmyosin was stored at −80°C before use. G-actin was purified from rabbit skeletal muscle as described (42) . Alexa-488 phalloidin-labeled F-actin was prepared by incubating 0.8 μM G-actin with 0.2 μM Alexa Fluor 488 phalloidin (Invitrogen) and 0.6 μM unlabeled phalloidin (Invitrogen) in 25 mM imidazole (pH 7.5), 100 mM KCl, 2 mM MgCl 2 , 0.3 mM ATP, and 0.5 mM DTT for 1 h. The labeled F-actin was stored at 4°C before use.
The MD-IQ1 in complex with Alexa-555-labeled CaM was prepared by exchanging Alexa-555-labeled CaM onto the MD-IQ1 as described (22) . Alexa-555-labeled CaM was prepared as follows. CaM-T5C, a CaM mutant created by site-directed mutagenesis, was expressed in Escherichia coli and purified as described (13) . The purified CaM-T5C was dialyzed against 25 mM Tris·HCl (pH 7.0), 100 mM NaCl, and 2 mM EDTA. To label CaM-T5C, 100 μM CaM-T5C was first incubated with 1 mM TCEP at room temperature for 1 h and then was incubated with 10-to 20-fold molar excess Alexa Fluor 555 C 2 maleimide (Invitrogen) at room temperature with rotation for 2 h. The reaction was stopped by the addition of 2 mM DTT, and Alexa-555-labeled CaM was purified by Phenyl-Sepharose chromatography. The labeling efficiency was determined by NanoDrop and SDS/PAGE.
Ca
2+ Affinity Measurement. CaM (15 μM) was incubated with or without the IQ1 (10 μM) at room temperature in a series of standardized Ca 2+ buffers prepared according to the Ca 2+ calibration kit (Molecular Probes). After incubation for 30 min, the fluorescence was collected on a Multi-Mode microplate reader (SpectraMax i3; Molecular Devices). For IQ1/CaM, a 295-nm excitation wavelength was used, and the emission wavelength was monitored at 320 nm as previously described (24) . For CaM, 277 nm was used to excite tyrosine, and the emission wavelength was monitored at 308 nm. The data were normalized and fit to a four-parameter Hill equation using OriginPro9. Emission Spectra Measurement. CaM (15 μM) and the IQ1 (10 μM) were added to TBS [50 mM Tris·HCl (pH 7.5), and 150 mM NaCl] containing 1 mM EGTA. After incubation for 30 min, the emission spectra were collected on a fluorescence spectrometer (F7000; Hitachi). Tryptophan fluorescence was excited at 295 nm using a 5-mm slit, and the emission spectra were collected from 305 to 400 nm as previously described (24) . To determine the effect of Ca 2+ on the conformation of IQ1/CaM, 1.1 mM CaCl 2 was added, and the emission spectra were collected again under the same conditions. The results were analyzed and plotted using KaleidaGraph 4.03 (Synergy Software).
2+ Dissociation Kinetics. The Myo5a IQ1 peptide (N′-KLRAA CIRIQ KTIRG WLLRK RYL-C′) (>95% pure) was synthesized by GL Biochem Ltd. To remove any possible contaminating small molecules, the IQ1 peptide was dissolved in TBS and centrifuged at 15,700 × g for 10 min. The supernatant of the IQ1 peptide was determined by measuring the absorbance at 280 nm using a molar extinction coefficient of 7,090 L·mol −1 ·cm −1 . Wild-type CaM and the B12Q mutant were prepared as described (13) . An Applied Photophysics stopped-flow instrument (Leatherhead) with an optical path length of 2 mm was used to measure the rates of Ca 2+ dissociation at room temperature. The Quin-2 signal was measured after rapid mixing of 5 μM CaM or CaM-B12Q, 12.5 μM IQ1 peptide, and 37.5 μM Ca 2+ in TBS with 375 μM Quin-2 in TBS with a mixing ratio of 4:1. Quin-2 fluorescence was excited at 330 ± 1.5 nm and monitored using a 515-nm long-pass emission filter. Tryptophan fluorescence was measured after rapid mixing of 6.25-25.00 μM CaM or CaM-B12Q, 12.5 μM IQ1 peptide, and 125 μM Ca 2+ in TBS with 50 mM EGTA in TBS with a mixing ratio of 4:1. Tryptophan fluorescence was excited at 295 ± 1.5 nm and monitored using a 320-nm long-pass emission filter. The collected data were normalized using minimum-maximum normalization [F′ = (F − F min )/(F max − F min ) where F min is the minimum fluorescence, and F max is the maximum fluorescence]. Ca 2+ dissociation rates were derived from the fits of the fluorescence traces to a single-or double-exponential equation using KaleidaGraph (Synergy Software).
